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TECHNIQUE COMPARISONS FOR ESTIMATING FRAGILITY ANALYSIS 
Climate change studies and examinations of increasing sea levels and temperatures 
show storm intensity and frequency are increasing. As these storms are increasing in 
intensity and frequency, the effects of these storms must be monitored to determine the 
probable damages or impacts to critical infrastructure [2, 35]. These storms suddenly create 
new demands and requirements upon already stressed critical infrastructure sectors [1]. A 
combined and interdisciplinary effort must be made to identify these stresses and to 
mitigate any failures. This effort is needed so that the 21st Century Smart Grid is robust and 
resilient enough to ensure that the grid is secured against all hazards. This project focuses 
on anticipating loss of above ground electrical power due to extreme wind speeds. This 
thesis selected a study region of Indiana, Illinois, Kentucky, and Tennessee to investigate 
the skill of fragility curve generation for this region, during Hurricane Irene, in the Fall of 
2011. Three published fragility techniques are compared within the Midwest study region 
to determine the best skilled technique for the low wind speeds experienced in this region 
in August 2011. The three techniques studied are: 1) Powerline Technique [6], a correlation 
between “as published” state based construction standards and surface wind speeds 
sustained for greater than one minute; 2) the ANL Headout Technique [37], a correlation 
of Hurricane Irene three second wind gusts with DOE situation reports of outages; and 3) 
the Walker Technique [1], a correlation of utility reported outages in the Eastern Seaboard 
counties with three second surface gusts. The deliverable outcomes for this project include: 
IN THE CENTRAL MID-WEST 
Kimberly A. Walker       May 2016                         45 Pages 
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   IX 
1) metrics for determining the method best for the study region, from the archival data 
during Hurricane Irene timeframe; 2) a fragility curve methodology description for each 
technique; and 3) a mathematical representation for each technique suitable for inclusion 
in automated forecast algorithms. Overall, this project combines situational awareness 
modeling to provide distinct fragility techniques that can be used by the public and private 
sectors to improve emergency management, restoration processes, and critical 
infrastructure all-hands-preparedness. This work was supported by Western Kentucky 
University (WKU) and the National Oceanic Atmospheric Administration (NOAA)
   1 
 
1.0 Introduction 
This section provides a broad historical background and then discusses the origins and 
motivations for this thesis research project as well as published background information 
about the study region, storm, and techniques in this project.  
1.1 Background 
After intense tropical cyclones, such as Hurricane Irene and Hurricane Katrina, and 
forecasts of more frequent and intense storms arises from climate change, experts have 
become increasingly concerned about the safety and the viability of the United States’ 
Emergency Management processes. Severe climate change events have also sparked the 
concern of other government sectors. Scientists have joined the effort to ensure that critical 
services are available no matter the name of the threat to any of the critical infrastructure 
sectors [20-23]. The Department of Energy has funded the Oak Ridge National Laboratory 
to contribute to the Integrated Assessment Research Program (IARP), and the National 
Climate Assessment (NCA) to expand integrated assessment modeling (IAM) capabilities 
and to analyze climate change impacts on vulnerable infrastructure and energy systems 
[20-23]. At a more local level, major electric utility companies are conducting in-house 
vulnerability studies and have partnered with the government and researchers [39, 40].  
However, these integrated assessments cannot be completely supported by current 
coarsely scaled climate models and analysis. Climate models must be downscaled, while 
infrastructure models must be up-scaled, so that impacts are modeled on the same spatial 
and temporal scales. Different energy and economic modeling systems that address 
cascading interdependencies cannot address both national and local problems without 
generalizing attributes that define vulnerabilities. [39, 40].   
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This thesis represents progress on model improvement and integration, aiming to 
address above-ground power line infrastructure vulnerabilities based on the unique data 
sets collected during Hurricane Irene with the goal of providing insights in mitigating these 
issues for future grid stability and security.  
1.2 Problem/Initiative Statement 
Stable and reliable systems are needed to predict customer electrical outages from 
severe storms, but current systems either require input data that is not available in real-time 
(ANL Headout system) [37], or are based on only wind tunnel experiments on new, un-
degraded components (Powerline Technique). Utilities must plan, prepare, and mitigate 
threats and vulnerabilities [4]. There is not an easy way to anticipate cascading effects from 
hurricanes, sudden severe storms, and cascading damages in regions outside of the utility’s 
immediate area of responsibility. On-going work must be a joint effort by federal, state, 
and local governments, private, and public sectors, and the customers, assuring improved 
communication and education on what to do in case of blackouts (5, 36). 
1.3 Study Region (Geographic Location/Time and Hurricane Irene) 
Infrastructure conditions change over time and space. Fragility models are only valid 
for specific geographic regions and time periods. Power lines degrade and configurations 
change as well as new technologies are inserted. A fragility technique may be applicable 
for one area, but then work poorly for another location with seemingly identical 
components [1].  
We have defined the research area as a portion of the Central Mid-West of the 
United States, specifically Indiana (IN), Illinois (IL), Kentucky (KY), and Tennessee (TN) 
(Figure 1).  
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This study area was chosen because of the local (to WKU) familiarity of the electric power 
lines and infrastructure. Also, this area was impacted by Hurricane Irene with cascading 
power outages, although it was not in the direct storm track [7-17]. The choice of this 
region allows for investigation of cascading interdependencies.  
Figure 2 is a snapshot of the study area as displayed by Visualizing Energy 
Resources Dynamically on Earth (VERDE) using Google Earth. The red circled areas are 
hypothetical critical node areas based on the density of pathways as determined by 
inspection. To definitively establish critical nodes, a critical function must first be defined 
[34]. For this research, the critical function was defined as the maintenance of electric 
power service to the general population. Lifeline utilities, such as hospitals, were not 
separated for this study. Once, the critical function was defined, metrics were developed to 
quantify relative criticality. The nodes in these networks are defined as substations and in 
turn their associated service areas. One can assess the criticality of the substations by 
Figure 1: United States color coded with types of storms that are most likely to happen 
in a specific geographical location [19]. 
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simulating the removal of substations one at a time in an n-1 contingency until there is no 
longer a remaining pathway for the network to maintain the critical function. Once a 
network is reduced to a subnetwork, where the loss of any additional station results in 
power loss to the population of a substation service area, then the remaining nodes are 
deemed critical [34].   
We define fragility in a more global fashion than the usual fragility definitions civil 
engineers use for individual structures. We defined fragility as the loss of the critical 
function (power) as a function of wind speed. The three techniques for generating fragility 
curves under this new definition were evaluated for accuracy and applicability in 
forecasting the loss of the critical function for a given population upon wind speed 
observation [34].  
 
 
 
Hurricane Irene is a suitable test period as a historic cyclone that occurred from August 
19, 2011 – August 29, 2011 and directly impacted 15 Eastern Seaboard states containing 
Figure 2: Study Region of IL, IN, KY, and TN highlighted blue with possible critical 
node locations circled in red.  
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531 counties and 592 meteorological (METAR) stations almost simultaneously (Figure 3) 
[7-17]. Although the wind speed in the study region did not reach gale force winds like 
areas closer to the coast, significant outages were observed. The wind speed data 
throughout the study area was recorded by the METAR network over the entire storm 
period [7-17].  
 
 
In Figure 3, the wind swaths are represented by damage contours and are depicted as 
pixelated grey, green, yellow, and red zones, as they typically appear on National Weather 
Service feeds. The contours of blue, yellow, and red define the expected fraction of 
customers losing electrical power. For those customers in the blue area, twenty-five percent 
are likely to lose power. Fifty percent of those power customers in the yellow area are 
expected to lose power and we expect 100% of those customers in the red area to lose 
Figure 3: August 27, 2011 Hurricane Irene makes its first landfall on the Eastern 
Seaboard seen on Google Earth via VERDE [12].
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power. The counties affected directly by the storm are highlighted in green. Each county’s 
color represents the fraction of customer outages as shown in Figure 4. 
Hurricane Irene made two landfalls in the United States. The first landfall on the east 
coast of Florida caused 2.7 million customer outages. After traveling north, Hurricane Irene 
made a second landfall causing an additional 5.4 million customers outages. As the storm 
traveled northward, it was estimated that the red zone of 100% damage was approximately 
55 miles wide (7-17, 18) (Figure 4). 
 
 
 
1.4 Fragility Techniques 
We compared three techniques that rely on different assumptions and input data for 
their skill in constructing fragility curves for our area of study and the late August 2011 
time period to discover which approach forecasts with the greatest skill in the four state 
region. 
 
Figure 4: Zoomed in damage contours from the first Hurricane Irene landfall on the 
Eastern Seaboard depicting width of 100% damage area and color coded damage 
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1.4.1 Powerline Technique 
The first technique is called the Powerline Technique and is the most common technique 
found in civil engineering handbooks [6]. The strength of the Powerline Technique is that 
it does not require a calibration data set and is based on the assumption that every 
component or node is as robust as power engineering construction standards require. No 
correction is made for aging of different as-built construction. 
This technique directly correlated the wind data from Hurricane Irene and the 
infrastructure construction standards for each available county in the study region. Inputs 
include only the local state building codes and wind field measurements, but little else. It 
is the simplest of the three techniques to implement, but is the least reflective of local 
conditions. The wind data is divided into small time wind speed intervals. This data was 
forced to the form of an exponential fitted to 25% and 50% failure rates from the standards. 
In this case, the exponential is shown in Figure 5 as part of a flow diagram of the fragility 
curve construction (Figure 5). 
 Figure 5: Methodology steps for Powerline Technique [1, 41].  
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1.4.2 Argonne Headout Technique 
The second technique is the Argonne National Laboratory (ANL) Headout Technique. 
This technique correlated wind speed with east coast outages reported from DOE Situation 
reports. These reports are supplied to the DOE by the member utilities and are published 
every 24 hours [37]. The accuracy of the data is unevaluated, but is the official DOE 
reporting. The technique uses assumptions that minimize spatial and temporal differences. 
This technique used the wind speeds recorded through the METAR network in the 
Seaboard area and developed an empirical fragility curve. The Headout Technique is also 
calibrated on east coast infrastructures, meaning that it was normalized to directly represent 
infrastructure located on the Eastern Seaboard. This technique uses DOE situational 
awareness data that are often updated daily. The National Hurricane Center (NHC) 
monitors tropical storms, and the forecasts and advisories are issued on all Atlantic and 
Eastern Pacific cyclones every six hours. Along with this data, ANL used 72 hour wind 
swaths based on the advisories. The maximum gust wind speeds with the 72 hour wind 
swatch were segmented into 39, 58, 74 mph groups. The wind contours were correlated 
with United States Census population data to estimate the number of people per swatch 
and to determine the households at risk. This data was then applied to the fragility curve. 
For this research, the ANL developed curve, curve #2 in Figure 6, was approximated by an 
exponential fit used to determine customer outages due to wind speeds, while Figure 7 
shows the methodology steps for this technique [37].  
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1.4.3 Walker Technique 
The third technique, the Walker Technique [1, 3], is based on studying the Eastern 
Seaboard counties using 15-minute outage data using the VERDE System as well as one-
minute gust wind speeds also collected through VERDE. This technique correlates VERDE 
Figure 6: ANL fragility curves: Curve #1=Commonly used curve five 
damage fractions applied; Curve #2=ANL Developed Fragility Curve 
interpolation of five damage fractions; Curve #3=ANL Developed; 
Based on data showing county level impacts [37]. 
Figure 7: Methodology steps for ANL Headout Technique, which has been used to 
analyze Eastern Seaboard and Gulf Coast counties [37].  
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reported customer outages with METAR wind speeds to create fragility maps. This 
technique was developed at ORNL. It is considered a purely empirical approach that 
directly correlates percent customer outages on the y-axis and wind speeds from Hurricane 
Irene on the x-axis. Again, because the wind data and the customer outages are on different 
time frames, it was crucial to match the available data to create these fragility curves. The 
methodology shown in Figure 8 for this technique can easily fall into three categories: 
gathering relevant data, organizing the data into proper scales, and the analysis for each 
county fragility level. Specific steps can also be seen in Figure 8 [1, 41].  
 
1.5 Impact of Calibrating Fragility Curves Outside Geographic Region 
The fragility curves are location specific. Each county in the given study region can 
be represented on the total fragility curve model, to show which category of robustness 
under which it falls. Robustness can be defined as the inherent property of infrastructure to 
maintain certain functions and features to remain operational, during any possible threats 
Figure 8: Methodology for Walker Technique, which has been used to analyze 
Eastern Seaboard and Gulf Coast counties [1, 41]. 
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or disturbances [34]. Figure 9 depicts the robustness areas where counties can be 
categorized [1]. 
 
  
From the generic fragility curve, it is possible to tell which counties are weakly robust 
or highly robust. It is the overall goal to improve the weakly robust counties by improving 
infrastructure materials, updated maintenance procedures, or placing infrastructure in more 
stable geographical locations. In the Walker Technique, it is expected for the fragility curve 
to be modeled as the generic curve and follow a similar exponential trend (Figure 10) [1, 
42]. One of the research goals is to compare the techniques that use an out-of-area power 
network as calibrating data sets.  
Figure 9: Engineering fragility curve model depicting levels of robustness for 
counties to fall under when experiencing strong winds and customer outages [1]. 
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2.0 Methodology 
 This section describes the method for comparing the three techniques for their 
relative skill in ways meaningful to emergency management practitioners. These models 
help ensure that emergency responders, utilities, and the community are well prepared 
against all hazards. This section also defines the way the three techniques described in the 
previous sections will be compared for skill within the study area during the Hurricane 
Irene storm response period. The data analysis section that interprets and compares the data 
gathered from the technique correlations. 
2.1 The Need for and Evolution of Fragility Models 
 In emergency and risk management models, the process to stimulate and induce 
change is threefold containing: a continuity sequence, cascading models, and critical 
thinking (Figure 11).  
Figure 10: Generic Fragility Curve compared to Experimental/Engineering curve for 
Hurricane Irene and Gulf Coast counties [1, 42].  
y = 4.732e0.0487x 
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This threefold process is used to study and understand the disaster cycle, which 
consists of an initial disaster, response, recovery, mitigation, and preparedness [38]. The 
continuity sequence is a tool used to analysis a hazard step by step, so that response, 
recovery, mitigation, and preparedness can be completed efficiently and quickly [29, 30]. 
The continuity sequence has seven portions: hazard, threat, risk, vulnerability, loss, 
consequence, and change [19]. A hazard is an initial disaster that poses a threat on any 
community of area, where the critical infrastructure, businesses, houses, or the environment 
are at risk of being damaged. Within those components that are at risk, there are those that 
are vulnerable or more prone to damage. These damages result in losses, which create 
consequences. These consequences can be positive or negative. It is the goal of emergency 
responders to lead the positive consequences to positive change, so that these same risks 
and losses will not happen again in the future (Figure 12) [43].  
Continuity 
Sequence
Cascading 
Models
Critical 
Thinking
Threefold 
analysis for 
change
Figure 11: Threefold analysis for change (TAC) containing critical thinking, the 
continuity sequence, and cascading models [43].  
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 Vulnerability can also be defined as fragility, which describes the probability the 
amount of damage infrastructure is prone to disaster, age, and maintenance. This is related 
to fragility as we have chosen to define it in section 1.3. Fragility models relate to risk 
management models because they directly show where any vulnerabilities are. These 
models are necessary because they combine cascading models and typical risk management 
models. Fragility models not only show vulnerabilities, but through fragility models 
cascading interdependencies can be investigated and isolated in similar areas and 
infrastructure, as well as completely different areas and infrastructure that are affected by 
similar threats and hazards [5, 27].  
2.2 Metrics and Definitions 
 Based on the discussion in section 2.1, the metrics for comparing the three 
techniques must measure the forecasts to emergency responders. There are three techniques 
Change
Threat
Risk
Vulnerability
Loss
Consequence
Hazard
Figure 12: Continuity Sequence leading to change [43].  
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used in this research to define a fragility model for the study area. The metrics used to 
compare the skill of these three techniques are robustness, resiliency, and cascading 
contingency [32, 33]. Robustness is the inherent strength of a system to withstand damages 
from a hazard or threat. Resiliency can also be considered reliability, meaning it is the 
ability for a system to quickly recover after a threat has caused damages. Cascading 
contingency is the effect of one threat propagating damages to other locations within the 
system [3]. These metrics were chosen because they all have ties with critical infrastructure 
and the same hazard of Hurricane Irene. Plus, any of these metrics can explain different 
types of damages and determine if those damages were localized or cascaded from the 
immediate storm area.  
3.0 Data and Analysis 
 The objective of this section is to provide: 1) metrics for determining the method 
best for the study region, from the archival data during Hurricane Irene timeframe; 2) a 
fragility curve methodology description for each technique; and 3) a mathematical 
representation for each technique suitable for inclusion in automated forecast algorithms. 
The tables included in this section are example snippets from a much larger database 
containing approximately 163 counties, which was reduced to approximately 50 counties 
that experienced significant outages, at various time stamps. The entire datasets can be 
found in the Appendix section. 
3.1 Metrics for Comparison – Gathering the Datasets 
 The wind speed data were gathered from August 20, 2011 to August 31, 2011, 
from the Iowa Environmental Mesonet (IEM), which collects environmental data from 
weather newsfeeds and networks [28]. The wind speed data from the closest METAR 
station was paired to each county [1]. Some METAR stations were paired with multiple 
   16 
counties. Wind and outage data collected at different times were paired to minimize the 
timing mismatch.  
The outage data was gathered, using the VERDE National Outage Map (NOM) 
Movie, as seen in Figure 13. The VERDE NOM Movie is a series of screen shots of 
customer outages due to Hurricane Irene at a specific time and date. The electrical 
outages per county are represented by a color. These colors include: dark green, light 
green, yellow, orange, and red. These colors represent the magnitude of electrical outages 
in each county. The colors observed were yellow, orange, and red, since these colors are 
significantly high outages [24-26].  
 
 
The color code key for the observed electrical outages is in the lower left hand 
corner. Dark green represents the range of 1-50 outages; light green represents the range 
Figure 13: Example of the VERDE NOM Movie 
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of 51 -200 outages; yellow is 201 – 1,000 outages; orange is 1001 – 5000 outages; and 
red is 5001 to 150000 outages. The outages reproduced into the data set were the 
midpoints for yellow and orange to provide an estimate of the average percent customer 
outage for a county at a given time. The midpoint for the red range was not used because 
total outages cannot exceed the total number of customers in the county, so counties 
designated red were assigned 100% customer outages. The total customers were found by 
using the Wind Outage Map (WOM), a function incorporated into VERDE [21, 24-26], 
an example is shown in Figure 14.  
 
 
The WOM is also visualized on VERDE with an icon for each county. Clicking 
on one of the green bubbles provides a pop-up window with information for that county. 
On this white pop-up window, the total number of customers is listed, which was 
converted from total population using the U.S. Census data and the number of households 
and firms. It is important to notice that a customer may include more than one person 
Figure 14: Example of the VERDE WOM 
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depending on who is living or working in the household or firm. Table 1 is an example 
dataset snippet depicting the conversion from color coded counties to percent customer 
outages based on observed wind speeds. 
County Color Outages 
Observed 
(Color) 
Total 
Customers 
Customer Outages 
Observed (%) 
Wind 
observed (kts) 
Adams Yellow 601 31677 1.90 4
Calhoun Yellow 601 2415 24.9 7
Clark Yellow 601 7994 7.52 10
Clinton Yellow 601 16553 3.63 4
 
 
In Example 1, the conversion depicted in Table 1 is explicitly shown 
mathematically. This conversion was necessary because the color coded counties were 
did not represent percent customer outages, as discussed via Figure 13.  
Percent Customer Outages = (ா௟௘௖௧௥௜௖௔௟	௢௨௧௔௚௘௦்௢௧௔௟	஼௨௦௧௢௠௘௥௦ )*100% 
Percent Customer Outages = ( ଺଴ଵ31677)*100% = 1.90% Customer Outages 
 
3.2 Metrics for Comparison – Calculating Error 
Table 2 is an example dataset snippet depicting the predicted percent outage 
values for each technique. The predicted percent outage values were calculated by 
substituting the wind speed in knots for the x variable in each of the technique curve 
equations.  
Wind Speed (kts)  Powerline Outages (%) ANL Headout Outages (%)  Walker Outages (%)
1  1.10 0.71  4.97
2  1.22 0.76  5.22
3  1.34 0.82  5.48
4  1.48 0.89  5.75
Table 1: Example data set for color to percent customer outages conversion from the VERDE 
NOM Movie and the IEM database 
Example 1: Conversion for color coded counties to percent customer outages 
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In Example 2, an example calculation for a predicted percent outage value, using 
the Walker Technique curve equation [1]. 
y = 4.732e0.0487x, where x is equal to 24 knots. 
y = 4.732e0.0487*24kts  = 15.2% customer outages 
 
These predicted outage values were compared to the observed outage values for each 
technique using the residual equation, also known as percent error.  Example 3 shows the 
calculation for percent error. We declared the theoretical (T) variable as the observed 
outages and the experimental (E) value as the predicted outages.  
Percent Error = ቚ்ିா் ቚ ∗ 100% 
Percent Error VERDE NOM Movie = ቚை௕௦௘௥௩௘ௗ	ை௨௧௔௚௘௦ି௉௥௘ௗ௜௖௧௘ௗ	ை௨௧௔௚௘௦ை௕௦௘௥௩௘ௗ	ை௨௧௔௚௘௦ ቚ ∗ 100% 
Percent Error VERDE NOM Movie = ቚଵ.ଽ଴%ିଵ.ସ଼%ଵ.ଽ଴% ቚ ∗ 100% = 21.9% 
 
Table 3 shows an example data snippet for the percent error values for each 
technique. Each column titled “ANL Outages (%)”, “Powerline Outages (%)”, and 
“Walker Technique (%)” are the predicted outages due to various wind speeds. The 
columns titled “Percent Error ANL (%)”, “Percent Error Powerline (%)”, and “Percent 
5  1.63 0.96  6.04
6  1.80 1.03  6.34
7  1.99 1.11  6.65
8  2.19 1.19  6.99
9  2.42 1.29  7.33
10  2.67 1.39  7.70
Example 2: Calculating predicted percent customer outages via the Walker Technique curve equation
Table 2: Example dataset snippet for predicted outage values for each technique 
Example 3: Percent error calculation using ANL observed and predicted outages for 4 kts 
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Error Walker (%) are the percent error calculated values for each technique comparing 
the predicted outages and the observed outages.  
ANL 
Outages 
(%) 
Percent Error 
ANL (%) 
Powerline 
Outages (%) 
Percent Error 
Powerline (%) 
Walker 
Technique 
(%) 
Percent Error 
Walker (%) 
1.48 21.9 0.89 53.3 5.75 203
1.99 92.0 1.11 95.5 6.65 73.3
2.67 64.5 1.38 81.6 7.70 2.43
1.48 59.2 0.89 75.6 5.75 58.4
 
The mean of the percent errors for each technique was calculated and then the 
error on the mean, the standard deviation of the mean was calculated. These calculations 
required 68-113 values, so these are not shown step by step, but are reported in Table 4. 
Example 4 provides the equations for mean and standard deviation of the mean.  
Mean equation ̅ݔ ൌ ∑ ௫೔௡௡௜ୀଵ  
Standard deviation of the mean (SDM) equation ܵܦܯ ൌ ට∑
ሺഥೣషೣ೔ሻమ
೙షభ
೙೔సభ
√௡  
 
 
4.0 Conclusion 
 The techniques were ranked by inspection of how the SDM compares to the 
mean. The SDM is plus or minus value of the averages, so the ranking was decided by 
the lowest mean and SDM values. This ranking shows which technique is best applicable 
to the Central Mid-West. The ranking is as follows, from best to least applicable: the 
Mean 
ANL 
Error 
(%) 
SD
M 
ANL 
Erro
r (%) 
Mean Powerline 
Error (%) 
SDM Powerline 
Error (%) 
Mean Walker 
Error (%) 
SDM Walker 
Error (%) 
101.0 13.4 91.5 6.37 228.0 53.0 
Table 4: Average and SDM values the VERDE NOM Movie database 
Table 3: Example dataset snippet for percent error calculated values for each technique 
Example 4: Average and standard deviation of the mean equations 
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Powerline Technique, the ANL Headout Technique, and the Walker Technique. This 
ranking is consistent with previous research published by Walker et al., in “Application 
of Hybrid Geo-Spatially Granular Fragility Curves to Improve Power Outage 
Predictions” via the Journal of Geography and Natural Disasters [1]. Walker et al. 
compared the Powerline Technique with the Walker Technique in 531 Eastern Seaboard 
counties [1]. For wind speeds below 35 knots, the Powerline [6] and Walker Techniques 
[1] had equivalent behavior, but these techniques had different defining components. The 
Powerline Technique is specifically calibrated for low wind speeds, where the Walker 
Technique is calibrated and most applicable to high wind speeds. The Central Mid-West 
study region for this thesis mainly consisted of data for very low wind speeds, confirming 
the behavior of the Powerline Technique, seen in Walker et al [1]. 
 The ANL Headout Technique [37] demonstrated intermediate applicability to the 
Central Mid-West. This technique is more suited for the Eastern Seaboard counties 
infrastructure, since it was calibrated for high hurricane wind speeds. The ANL outage 
data has a dependence on cascading interdependencies and is updated every 24 hours, 
where the Powerline Technique outage data does not have dependence on infrastructure 
interdependencies.  
 The Walker Technique [1] works extremely well for counties in the Eastern 
Seaboard and Gulf Coast regions, but it did not transfer well to the Central Mid-West. 
The Walker Technique is calibrated for extreme high winds due to hurricanes. The outage 
data is extremely sensitive to cascading interdependencies and is updated every 15 
minutes. 
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 Sources of error that need to be addressed pertain to the wind speeds and outage 
data. The wind speeds in this thesis were rather small and do not compare well to high 
hurricane wind speeds. Despite these low winds speeds, the customer outages observed 
were larger than expected to see in the Central Mid-West. Customer outages could be 
caused by both wind speeds and infrastructure interference due to congestion cascading 
from other parts of the Eastern Interconnection as the East Coast grids were degraded 
[20-23]. 
 Future studies can use the methodology from this thesis to investigate the 
possibility of combined causes for customer outages [31].  Further robustness analysis 
gathered by physical inspection of infrastructure could also benefit the investigation on 
combine causes for customer outages. This could lead to further analysis and dissection 
of the three techniques to discover why they act the way they do for each county. The 
study time period could also be widened to examine additional wind speeds from 
different types of storms, such as tornadoes or thunderstorms, to determine if the 
technique ranking transfers to different storm wind speeds [27].  
 Overall, the robustness metric can be approximated for each county depending on 
upon the data set used. The techniques have a ranking for their applicability for each 
dataset and this study can further be used to investigate the fragility of this study region 
due to infrastructure vulnerabilities and wind speeds. Low robustness was expected from 
this study region, due to the high forested areas, close proximity power lines, and aging 
substation and other infrastructure. However, high robustness was also observed for 
certain areas in the study region, because high wind speeds did not create customer 
outages. The geographic location, status, and maintenance of the infrastructure must be 
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continually recorded and checked to ensure that the systems are properly kept operating 
no matter any disturbances that may cause outages. Mathematic expressions were derived 
that, on average, illustrated that the customer outages can be estimated within a factor of 
two which is usually beyond the skill of non-fragility forecast methods. This thesis can 
inform and mitigate vulnerabilities and improve the robustness of this study region, 
which also incorporates into the overall stability of the weather ready 21st Century smart 
grid. 
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APPENDIX 
Appendix 1: Entire color coded counties conversion to percent customer outages 
Time  State  County  Color  Outages 
Observed 
(Color) 
Total 
Customers 
Customer 
Outages 
Observed 
(%) 
Wind 
observed 
(kts) 
8/27/
2011 
02:59:
00 
IL  Adams  Yellow  601 31677 1.90  4
8/25/
2011 
14:59:
00 
IL  Calhoun  Yellow  601 2415 24.9  7
8/23/
2011 
22:59:
00 
IL  Clark  Yellow  601 7994 7.52  10
8/28/
2011 
10:59:
00 
IL  Clinton  Yellow  601 16553 3.63  4
8/28/
2011 
14:59:
00 
IL  Clinton  Yellow  601 16553 3.63  7
8/21/
2011 
22:59:
00 
IL  Cumberland  Yellow  601 5086 11.8  9
8/22/
2011 
02:59:
00 
IL  Cumberland  Yellow  601 5086 11.8  3
8/28/
2011 
14:59:
00 
IL  Cumberland  Yellow  601 5086 11.8  8
8/23/
2011 
22:59:
00 
IL  Franklin  Orange  3001 19455 15.4  8
8/26/
2011 
IL  Franklin  Yellow  601 19455 3.09  6
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14:59:
00 
8/28/
2011 
10:59:
00 
IL  Franklin  Red  19455 19455 100  4
8/28/
2011 
14:59:
00 
IL  Franklin  Red  19455 19455 100  5
8/28/
2011 
22:59:
00 
IL  Franklin  Red  19455 19455 100  8
8/29/
2011 
10:59:
00 
IL  Franklin  Red  19455 19455 100  3
8/27/
2011 
10:59:
00 
IL  Greene  Orange  3001 6303 47.6  4
8/28/
2011 
14:59:
00 
IL  Greene  Orange  3001 6303 47.6  8
8/28/
2011 
22:59:
00 
IL  Greene  Orange  3001 6303 47.6  10
8/29/
2011 
10:59:
00 
IL  Greene  Orange  3001 6303 47.6  3
8/21/
2011 
22:59:
00 
IL  Hamilton  Yellow  601 3975 15.1  5
8/24/
2011 
14:59:
00 
IL  Hamilton  Yellow  601 3975 15.1  8
8/23/
2011 
10:59:
00 
IL  Hancock  Orange  3001 9239 32.5  6
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8/20/
2011 
22:59:
00 
IL  Henderson  Yellow  601 3350 17.9  4
8/24/
2011 
02:59:
00 
IL  Henry  Yellow  601 23433 2.56  7
8/22/
2011 
22:59:
00 
IL  Jackson  Orange  3001 28390 10.6  3
8/26/
2011 
22:59:
00 
IL  Jackson  Yellow  601 28390 2.12  9
8/24/
2011 
10:59:
00 
IL  Jefferson  Yellow  601 18405 3.27  7
8/24/
2011 
22:59:
00 
IL  Jefferson  Orange  3001 18405 16.3  12
8/25/
2011 
02:59:
00 
IL  Jefferson  Yellow  601 18405 3.27  11
8/25/
2011 
10:59:
00 
IL  Jefferson  Yellow  601 18405 3.27  4
8/23/
2011 
22:59:
00 
IL  Johnson  Yellow  601 4961 12.1  3
8/24/
2011 
10:59:
00 
IL  Kendall  Yellow  601 50984 1.18  3
8/21/
2011 
10:59:
00 
IL  Knox  Yellow  601 23824 2.52  7
8/28/
2011 
IL  Knox  Orange  3001 23824 12.6  5
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22:59:
00 
8/25/
2011 
14:59:
00 
IL  Lasalle  Yellow  601 52310 1.15  3
8/20/
2011 
22:59:
00 
IL  Lawrence  Orange  3001 7975 37.6  3
8/23/
2011 
14:59:
00 
IL  Lawrence  Orange  3001 7975 37.6  8
8/22/
2011 
14:59:
00 
IL  Livingston  Yellow  601 16669 3.61  4
8/23/
2011 
22:59:
00 
IL  Monroe  Yellow  601 15311 3.93  7
8/28/
2011 
10:59:
00 
IL  Monroe  Red  15311 15311 100  3
8/28/
2011 
14:59:
00 
IL  Monroe  Orange  3001 15311 19.6  4
8/28/
2011 
22:59:
00 
IL  Monroe  Red  15311 15311 100  4
8/22/
2011 
02:59:
00 
IL  Montgomer
y 
Yellow  601 13311 4.52  4
8/24/
2011 
22:59:
00 
IL  Montgomer
y 
Orange  3001 13311 22.5  10
8/25/
2011 
02:59:
00 
IL  Montgomer
y 
Orange  3001 13311 22.5  8
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8/25/
2011 
10:59:
00 
IL  Montgomer
y 
Orange  3001 13311 22.5  5
8/28/
2011 
14:59:
00 
IL  Montgomer
y 
Yellow  601 13311 4.52  6
8/22/
2011 
22:59:
00 
IL  Pulaski  Yellow  601 2691 22.3  4
8/24/
2011 
10:59:
00 
IL  Pulaski  Yellow  601 2691 22.3  5
8/25/
2011 
02:59:
00 
IL  Pulaski  Yellow  601 2691 22.3  6
8/25/
2011 
14:59:
00 
IL  Richland  Yellow  601 8277 7.26  7
8/23/
2011 
02:59:
00 
IL  Rock Island  Yellow  601 69079 0.87  5
8/23/
2011 
10:59:
00 
IL  Rock Island  Yellow  601 69079 0.87  6
8/20/
2011 
22:59:
00 
IL  Tazewill  Orange  3001 62411 4.81  4
8/23/
2011 
10:59:
00 
IL  Tazewill  Yellow  601 62411 0.96  3
8/24/
2011 
10:59:
00 
IL  Union  Yellow  601 8334 7.21  5
8/24/
2011 
IL  Warren  Yellow  601 8048 7.47  10
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14:59:
00 
8/28/
2011 
14:59:
00 
IL  Warren  Orange  3001 8048 37.3  4
8/28/
2011 
22:59:
00 
IL  Warren  Orange  3001 8048 37.3  5
8/26/
2011 
22:59:
00 
IL  Washington  Orange  3001 6910 43.4  3
8/28/
2011 
14:59:
00 
IL  Washington  Orange  3001 6910 43.4  6
8/28/
2011 
22:59:
00 
IL  Washington  Orange  3001 6910 43.4  7
8/28/
2011 
10:59:
00 
IL  Wayne  Red  8392 8392 100  4
8/28/
2011 
14:59:
00 
IL  Wayne  Red  8392 8392 100  6
8/28/
2011 
22:59:
00 
IL  Wayne  Red  8392 8392 100  5
8/29/
2011 
10:59:
00 
IL  Wayne  Red  8392 8392 100  4
8/28/
2011 
22:59:
00 
IN  Bartholome
w 
Yellow  601 36926 1.63  6
8/28/
2011 
10:59:
00 
IN  Carroll  Orange  3001 9229 32.5  7
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8/28/
2011 
14:59:
00 
IN  Cass  Yellow  601 17195 3.50  6
8/22/
2011 
22:59:
00 
IN  Clay  Yellow  601 12188 4.93  3
8/28/
2011 
14:59:
00 
IN  Clinton  Yellow  601 14275 4.21  6
8/28/
2011 
14:59:
00 
IN  Franklin  Red  9909 9909 100  7
8/28/
2011 
22:59:
00 
IN  Franklin  Red  9909 9909 100  8
8/29/
2011 
10:59:
00 
IN  Franklin  Red  9909 9909 100  4
8/24/
2011 
14:59:
00 
IN  Hamilton  Orange  3001 137091 2.19  10
8/24/
2011 
22:59:
00 
IN  Hamilton  Yellow  601 137091 0.44  12
8/24/
2011 
14:59:
00 
IN  Jackson  Yellow  601 22029 2.73  10
8/26/
2011 
22:59:
00 
IN  Jackson  Yellow  601 22029 2.73  5
8/23/
2011 
22:59:
00 
IN  Monroe  Yellow  601 66163 0.91  12
8/28/
2011 
IN  Monroe  Orange  3001 66163 4.54  4
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14:59:
00 
8/28/
2011 
22:59:
00 
IN  Monroe  Red  66163 66163 100  3
8/22/
2011 
22:59:
00 
IN  Montgomer
y 
Yellow  601 17662 3.40  3
8/24/
2011 
22:59:
00 
IN  Montgomer
y 
Orange  3001 17662 17.0  8
8/25/
2011 
02:59:
00 
IN  Montgomer
y 
Orange  3001 17662 17.0  10
8/23/
2011 
14:59:
00 
IN  Owen  Yellow  601 9658 6.22  10
8/28/
2011 
10:59:
00 
IN  Sullivan  Orange  3001 8901 33.7  3
8/28/
2011 
14:59:
00 
IN  Sullivan  Orange  3001 8901 33.7  7
8/28/
2011 
22:59:
00 
IN  Sullivan  Orange  3001 8901 33.7  3
8/21/
2011 
14:59:
00 
IN  Union  Yellow  601 3391 17.7  4
8/24/
2011 
10:59:
00 
IN  Union  Yellow  601 3391 17.7  6
8/23/
2011 
14:59:
00 
IN  Vigo  Orange  3001 48760 6.15  10
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8/24/
2011 
14:59:
00 
IN  Warren  Yellow  601 3791 15.9  10
8/28/
2011 
10:59:
00 
IN  Warren  Orange  3001 3791 79.2  7
8/28/
2011 
14:59:
00 
IN  Warren  Orange  3001 3791 79.2  6
8/28/
2011 
22:59:
00 
IN  Warren  Orange  3001 3791 79.2  6
8/21/
2011 
14:59:
00 
IN  Wayne  Yellow  601 32117 1.87  4
8/28/
2011 
10:59:
00 
IN  Wayne  Red  32117 32117 100  6
8/28/
2011 
14:59:
00 
IN  Wayne  Red  32117 32117 100  5
8/28/
2011 
22:59:
00 
IN  Wayne  Red  32117 32117 100  6
8/29/
2011 
10:59:
00 
IN  Wayne  Red  32117 32117 100  5
8/20/
2011 
02:59:
00 
KY  Fayette  Yellow  601 153969 0.39  4
8/21/
2011 
14:59:
00 
KY  Fayette  Orange  3001 153969 1.95  13
8/25/
2011 
KY  Jefferson  Yellow  601 370853 0.16  6
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02:59:
00 
8/25/
2011 
10:59:
00 
KY  Jefferson  Yellow  601 370853 0.16  6
8/24/
2011 
10:59:
00 
KY  Nelson  Yellow  601 20485 2.93  9
8/24/
2011 
14:59:
00 
KY  Nelson  Yellow  601 20485 2.93  9
8/22/
2011 
22:59:
00 
KY  Pulaski  Yellow  601 31396 1.91  5
8/25/
2011 
02:59:
00 
KY  Pulaski  Yellow  601 31396 1.91  3
8/28/
2011 
14:59:
00 
KY  Pulaski  Yellow  601 31396 1.91  5
8/21/
2011 
14:59:
00 
TN  Anderson  Orange  3001 37580 7.99  5
8/24/
2011 
22:59:
00 
TN  Anderson  Yellow  601 37580 1.60  4
8/28/
2011 
14:59:
00 
TN  Anderson  Orange  3001 37580 7.99  4
8/21/
2011 
10:59:
00 
TN  Knox  Yellow  601 222772 0.27  3
8/28/
2011 
22:59:
00 
TN  Knox  Orange  3001 222772 1.35  10
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Appendix 2: Entire predicted percent customer outages for all techniques 
Wind Speed 
(kts) 
Powerline Customer 
Outages (%) 
ANL Headout Customer 
Outages (%) 
Walker Customer 
Outages (%) 
1  1.10 0.71 4.97
2  1.22 0.76 5.22
3  1.34 0.82 5.48
4  1.48 0.89 5.75
5  1.63 0.96 6.04
6  1.80 1.03 6.34
7  1.99 1.11 6.65
8  2.19 1.19 6.99
9  2.42 1.29 7.33
10  2.67 1.39 7.70
11  2.95 1.49 8.09
12  3.25 1.61 8.49
13  3.58 1.73 8.91
14  3.95 1.86 9.36
15  4.36 2.01 9.82
16  4.81 2.16 9.34
17  5.31 2.33 10.8
18  5.86 2.51 11.4
19  6.46 2.70 11.9
20  7.13 2.91 12.5
21  7.86 3.14 13.2
22  8.67 3.38 13.8
23  9.57 3.64 14.5
24  10.6 3.92 15.2
25  11.6 4.22 16.0
26  12.8 4.55 16.8
27  14.2 4.90 17.6
28  15.6 5.28 18.5
29  17.2 5.68 19.4
30  19.0 6.12 20.4
31  21.0 6.59 21.4
32  23.2 7.10 22.5
33  25.5 7.65 23.6
34  28.2 8.24 24.8
35  31.1 8.88 26.0
36  34.3 9.56 27.3
37  37.8 10.3 28.7
38  41.7 11.1 30.1
   40 
39  46.1 11.9 31.6
40  50.8 12.9 33.2
41  56.0 13.9 34.8
42  61.8 14.9 36.6
43  68.2 16.1 38.4
44  75.2 17.3 40.3
45  83.0 18.7 42.3
46  91.6 20.1 44.5
47  101 21.7 46.7
48  111 23.3 49.0
49  123 25.1 51.5
50  135 27.1 54.0
 
 
Appendix 3: Entire technique observed customer outages and percent error calculation 
ANL 
Outages 
(%) 
Percent 
Error ANL 
(%) 
Powerline 
Outages (%) 
Percent Error 
Powerline (%) 
Walker 
Technique 
(%) 
Percent Error 
Walker (%) 
1.48  21.9  0.89 53.3 5.75  203
1.99  92.0  1.11 95.6 6.65  73.3
2.67  64.5  1.38 81.6 7.70  2.43
1.48  59.2  0.89 75.6 5.75  58.4
1.99  45.2  1.11 69.5 6.65  83.4
2.42  79.5  1.29 89.1 7.33  37.3
1.34  88.6  0.82 93.0 5.48  53.7
2.19  81.4  1.19 89.9 6.99  40.9
2.19  85.8  1.19 92.3 6.99  54.7
1.80  41.7  1.03 66.7 6.34  105
1.48  98.5  0.89 99.1 5.75  94.3
1.63  98.4  0.96 99.0 6.04  94.0
2.19  97.8  1.19 98.8 6.99  93.0
1.34  98.7  0.82 99.2 5.48  94.5
1.48  96.9  0.89 98.1 5.75  87.9
2.19  95.4  1.19 97.5 6.99  85.3
2.67  94.4  1.38 97.1 7.70  83.8
1.34  97.2  0.82 98.3 5.48  88.5
1.63  89.2  0.96 93.7 6.04  60.1
2.19  85.5  1.19 92.1 6.99  53.8
1.80  94.5  1.03 96.8 6.34  80.8
1.48  91.7  0.89 95.1 5.75  68.0
1.99  22.5  1.11 56.8 6.65  159
   41 
1.34  87.3  0.82 92.2 5.48  48.2
2.42  14.3  1.29 39.3 7.33  246
1.99  39.1  1.11 66.1 6.65  103
3.25  80.1  1.61 90.1 8.49  47.9
2.95  9.80  1.49 54.3 8.09  147
1.48  54.6  0.89 72.8 5.75  76.1
1.34  88.9  0.82 93.2 5.48  54.8
1.34  13.9  0.82 30.2 5.48  364
1.99  21.2  1.11 56.1 6.65  164
1.63  87.0  0.96 92.4 6.04  52.1
1.34  16.9  0.82 28.3 5.48  376
1.34  96.4  0.82 97.8 5.48  85.5
2.19  94.2  1.19 96.8 6.99  81.4
1.48  58.9  0.89 75.4 5.75  59.5
1.99  49.3  1.11 71.77 6.65  69.52
1.34  98.7  0.82 99.2 5.48  94.5
1.48  92.4  0.89 95.5 5.75  70.7
1.48  98.5  0.89 99.1 5.75  94.3
1.48  67.2  0.89 80.4 5.75  27.3
2.67  88.2  1.38 93.9 7.70  65.8
2.19  90.3  1.19 94.7 6.99  69.0
1.63  92.8  0.96 95.8 6.04  73.2
1.80  60.1  1.03 77.2 6.34  40.4
1.48  93.3  0.89 96.0 5.75  74.3
1.63  92.6  0.96 95.7 6.04  73.0
1.80  91.9  1.03 95.4 6.34  71.6
1.99  72.6  1.11 84.7 6.65  8.36
1.63  87.8  0.96 9.79 6.04  593
1.80  107  1.03 18.3 6.34  628
1.48  69.2  0.89 81.6 5.75  19.6
1.34  39.4  0.82 14.5 5.48  468
1.63  77.3  0.96 86.8 6.04  16.2
2.67  64.3  1.38 81.5 7.70  3.12
1.48  96.0  0.89 97.6 5.75  84.6
1.63  95.6  0.96 97.4 6.04  83.8
1.34  96.9  0.82 98.1 5.48  87.4
1.80  95.9  1.03 97.6 6.34  85.4
1.99  95.4  1.11 97.5 6.65  84.7
1.48  98.5  0.89 99.1 5.75  94.3
1.80  98.2  1.03 99.0 6.34  93.7
1.63  98.4  0.96 99.0 6.04  94.0
   42 
1.48  98.5  0.89 99.1 5.75  94.3
1.80  10.8  1.03 36.8 6.34  289
1.99  93.9  1.11 96.6 6.65  79.5
1.80  48.4  1.03 70.6 6.34  81.3
1.34  72.8  0.82 83.3 5.48  11.1
1.80  57.2  1.03 75.6 6.34  50.5
1.99  98.0  1.11 98.9 6.65  93.4
2.19  97.8  1.19 98.8 6.99  93.0
1.48  98.5  0.89 99.1 5.75  94.3
2.67  22.0  1.38 36.7 7.70  251
3.25  641  1.61 266 8.49  1836
2.67  2.14  1.38 49.2 7.70  182
1.63  40.1  0.96 65.0 6.04  121
3.25  257  1.61 76.9 8.49  834
1.48  67.3  0.89 80.5 5.75  26.8
1.34  98.7  0.82 99.2 5.48  94.5
1.34  60.5  0.82 75.8 5.48  60.9
2.19  87.1  1.19 93.0 6.99  58.9
2.67  84.2  1.38 91.9 7.70  54.7
2.67  57.1  1.38 77.7 7.70  23.8
1.34  96.0  0.82 97.6 5.48  83.8
1.99  94.1  1.11 96.7 6.65  80.3
1.34  96.0  0.82 97.6 5.48  83.8
1.48  91.6  0.89 95.0 5.75  67.6
1.80  89.8  1.03 94.2 6.34  64.2
2.67  56.6  1.38 77.5 7.70  25.1
2.67  83.2  1.38 91.3 7.70  51.4
1.99  97.5  1.11 98.6 6.65  91.6
1.80  97.7  1.03 98.7 6.34  92.0
1.80  97.7  1.03 98.7 6.34  92.0
1.48  20.9  0.89 52.6 5.75  207
1.80  98.2  1.03 99.0 6.34  93.7
1.63  98.4  0.96 99.0 6.04  94.0
1.80  98.2  1.03 99.0 6.34  93.7
1.63  98.4  0.96 99.0 6.04  94.0
1.48  279  0.89 127 5.75  1373
3.58  83.9  1.73 11.2 8.91  357
1.80  1012  1.03 534 6.34  3810
1.80  1012  1.03 534 6.34  3810
2.42  17.5  1.29 56.2 7.33  150
2.42  17.5  1.29 56.2 7.33  150
   43 
1.63  14.6  0.96 50.1 6.04  215
1.34  29.9  0.82 57.0 5.48  186
1.63  14.6  0.96 50.1 6.04  215
1.63  79.5  0.96 88.0 6.04  24.4
1.48  7.40  0.89 44.6 5.75  259
1.48  81.5  0.89 88.9 5.75  28.0
1.34  397  0.82 205 5.48  1929
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